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The crystallization behavior of melt-spun ribbons and bulk samples of the
Cu36Zr48Al8Ag8 glassy alloy on heating is presented here. The crystallization kinetics and
structural changes in the Cu36Zr48Al8Ag8 glassy alloy were studied using x-ray
diffraction, transmission electron microscopy, differential scanning, and isothermal
calorimetry methods. A clear comparison is made of the differences in the crystallization
kinetics of the melt-spun ribbons and the copper-mold-cast bulk rod samples. It was
suggested that the kinetics of crystallization in the rod sample, at any given temperature,
are somewhat different than in the ribbon samples, probably because of size and free
volume effects. Differences in the crystallization behavior of this alloy with other
Cu-Zr-Al-Ag alloys have also been discussed.
I. INTRODUCTION
The structure and properties of bulk glassy alloys have
been widely studied since the late 1980s.1–3 Among
these, there has been lot of activity in recent years on
Cu-Zr-based alloys because of their potential industrial
applications. Binary, ternary, and higher-order alloy sys-
tems based on Cu-Zr system have been solidified into the
glassy state. However, the glass-forming ability (GFA) of
Cu-based alloys has been limited, and only a maximum
of 10-mm diameter rods could be synthesized in a fully
glassy condition.4 Several attempts have also been made
to increase the GFA of these alloys based on the different
criteria. These include the reduced glass transition
temperature, Trg ¼ Tg/Tl5, where Tg is the glass-transi-
tion temperature and Tl is the liquidus temperature; the
width of the supercooled liquid region (DTx) defined as
Tx-Tg, where Tx is the crystallization onset tem-
perature; and the g ¼ Tx/(Tg þ Tl) parameter,6 which
somehow combines both DTx and Tg/Tl criteria into a
single parameter.7
Binary Cu-Zr and Cu-Hf bulk glassy alloys were recent-
ly reported to form in narrow composition ranges.8–11
It was reported that some of these binary glasses con-
tained nanocrystals in the as-quenched condition.12 Addi-
tion of third elements like Ti13 or Al,14,15 for example,
enhanced the packing density16 and consequently the
GFA17 of the binary alloys in accordance with the “con-
fusion” principle,18 which postulates that multicompo-
nent alloys in general possess much higher GFA than the
binary alloys. Accordingly, the Cu36Zr48Al8Ag8 alloy
could be produced in a fully glassy state with a maximum
diameter of 25 mm.19
The structure and crystallization behavior of binary
Cu-Zr,20,21 ternary Cu-Zr-Ti22–28 and some quaternary
Cu-based29 glassy alloys were studied in detail. Studies
of glass formation in the Cu-Zr-Al system have also
been carried out recently.30,31 It was reported that the
nanocrystal-glassy Cu-Zr12 and Cu-Zr-Al32–34 compo-
sites showed a large room temperature compressive plas-
tic deformation of up to 50%.
Bulk glass formation in the Cu-Zr-Ag alloy system
has also been undertaken recently.35,36 Cu45Zr45Ag10
alloy exhibited a high GFA35 (the critical diameter is
6 mm) and a high mechanical strength.37 Ag also drasti-
cally improved the GFA of Cu-Zr-Ti alloys.38 Contrary
to Cu-Zr-Ti-(Pd, Au) alloys in which formation of the
nanoscale icosahedral phase was observed,39,40 Ag-con-
taining glassy alloys did not form the icosahedral phase
on crystallization.
Based on our earlier data, Cu36Zr48Al8Ag8 alloy is
one of the best glass formers among the Cu-Zr alloys.
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The role of Al and Ag in the improvement of GFA of the
Cu-Zr alloys and their thermal stability have been stud-
ied in the present work. Furthermore, not many investi-
gations have been reported comparing the crystallization
behavior of melt-spun ribbons and bulk glassy rods41
because it was tacitly assumed that there is no differ-
ence. Therefore, in the present paper, we report on the
differences in the crystallization kinetics and structural
changes in the ribbon and bulk samples of the Cu36Zr48
Al8Ag8 glassy alloy on heating.
II. EXPERIMENTAL PROCEDURE
An ingot of the Cu36Zr48Al8Ag8 alloy (composition is
given in nominal atomic percentage) was prepared by
arc-melting mixtures of Cu (99.99 wt% pure), Al (99.9
wt% pure), Zr (99.9 wt% pure), and Ag (99.9 wt% pure)
under an argon atmosphere. From this ingot, ribbon sam-
ples of approximately 20-mm thickness and 1-mm width
were prepared by melt spinning onto a single copper
roller at a roller tangential velocity of approximately
40 m/s. Bulk rod samples of 10-mm diameter were pre-
pared by the copper-mold casting technique. Casting
temperature of both samples was approximately 100 K
above the liquidus temperature of 1093.5 K. The struc-
ture of both the ribbon and rod samples was examined by
conventional x-ray diffractometry (XRD) and by micro-
area XRD with monochromatic CuKa radiation. A high-
resolution field emission scanning electron microscope
[(SEM) Hitachi S-4800 (Tokyo, Japan), with approxi-
mately 1 nm resolution] equipped with an energy disper-
sive x-ray spectrometer (EDS) was also used for
structural characterization. Phase transformations were
studied by differential scanning calorimetry (DSC) at a
heating rate of 0.67 K/s and differential isothermal calo-
rimetry (DIC). The specimen mass was approximately
20 mg. The volume fraction of the crystalline phase
formed on crystallization was estimated from the relative
amount of heat released. Transmission electron microsco-
py (TEM) investigations were carried out using a JEOL
JEM 2010 microscope (Tokyo, Japan) operating at 200 kV
and equipped with an EDS of 0.1 keV resolution. Samples
for TEMwere prepared first mechanically (down to 10-mm
thickness) and subsequently by an ion-polishing technique
(down to electron-beam transparency). To avoid structural
damage, the ion-beam energy was kept as low as 1.6 keV.
Consequently, the polishing time exceeded 24 h. The oxy-
gen content in the studied alloy has been kept below
500 ppm (by weight).
III. RESULTS
The Cu36Zr48Al8Ag8 alloy has a high GFA as evi-
denced by the formation of the glassy phase even in a
bulk rod with a diameter of 10 mm. Figure 1 shows the
XRD patterns recorded from the ribbon and rod samples.
The presence of only a broad and diffuse maxima in both
the patterns (a) and (b) confirms the formation of a fully
glassy phase in both the samples. The presence of some
weak peaks seen in the XRD pattern of the as-solidified
sample (Fig. 1) can be interpreted as noise.
The polished cross-section of the bulk glassy sample
was carefully studied by high-resolution SEM in a wide
magnification range. The sample showed a uniform con-
trast and did not indicate the presence of any inclusions
of intermetallic compounds or any other crystalline
phase. EDS investigations also did not show any struc-
tural inhomogeneities. In one place of the bulk sample,
however, a few inclusions were noted to be present.
X-ray mapping in the SEM confirmed that these were
copper oxide particles. Possible Si contamination was
investigated. The Si content, as measured by EDX, was
found to be below the detection limit of 0.1%.
The structure of the as-solidified bulk sample was also
studied by TEM (Fig. 2). The as-solidified structure was
found to be fully amorphous [Figs. 2(a) and 2(e)]. How-
ever, on prolonged observation in the TEM, the glassy
phase partially crystallized as shown by the presence of
a few nanocrystals in Fig. 2(c) and also confirmed by
selected area electron diffraction (SAED) patterns in
Fig. 2(f). Because no crystals were noted at the early
stage of observation in the TEM, and they were detected
after approximately 2 min, it can be concluded that the
sample started crystallizing under the influence of the
electron beam irradiation. Crystallization under electron
beam irradiation has been noted in some Cu-based
glassy alloys.42 The Fast Fourier Transform (FFT) pat-
tern shown in Fig. 2(d) reveals rather low symmetry of
the crystalline phase formed due to electron-beam
irradiation. The d-spacings calculated from the SAED
pattern shown in Fig. 2(f) are found to be close to those
of a monoclinic mP8 ZrTe3-type phase,
43 although its
FIG. 1. X-ray diffraction patterns obtained from (a) the as-prepared
ribbon glassy sample and (b) bulk glassy sample of 10-mm diameter
in the as-cast state. The presence of a broad diffuse halo confirms the
formation of a fully glassy phase in both the samples.
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chemical composition is obviously different. It is also
important to note that this phase is different from the
one formed on annealing.
The DSC traces of the as-solidified ribbon and bulk
Cu36Zr48Al8Ag8 alloy samples shown in Fig. 3 demon-
strate an increment of heat capacity (Cp) at the glass
transition temperature (Tg) (the temperature corre-
sponding to the beginning of glass transition is marked
in the figure) and subsequent exothermic peak due to
crystallization of the supercooled liquid starting at the
onset temperature (Tx) (see Fig. 3). There is a little
difference in Tx temperatures between the melt-spun
ribbon and bulk rod samples at various heating rates. It
is well known that the Tg value increases with increasing
cooling rate during solidification from the liquid state;
however, during reheating of the glassy phase, it relaxes
at temperatures below Tg. Thus, irrespective of the cool-
ing rate at which the glassy phase had formed, the re-
laxed glass exhibits nearly the same Tg during slow
enough heating. The Tx temperature of the ribbon sam-
ple was slightly lower than that of the bulk sample at a
heating rate exceeding approximately 0.67 K/s.
The phase analysis of the annealed samples was per-
formed using the XRD patterns shown in Figs. 4 (for the
bulk glassy samples) and 5 (for the ribbon samples). Upon
the initial exothermic reaction the supercooled liquid crys-
tallized. Some peaks in the XRD patterns could be indexed
FIG. 2. High-resolution TEM images of the bulk glassy sample in the as-solidified state recorded during the process of observation in the TEM.
The images (a)–(c) were taken from the same area subsequently each after approximately 60 s of additional irradiation at 200 kV. The electron
radiation dose for images (a)–(c) was approximately 0 m2 (one should note that minor irradiation of the sample still took place as some time was
required to adjust the conditions and to record a micrograph), 4  1024 m2 and 8  1024 m2, respectively. (d) FFT of a part of image (c) as
outlined. (e) and (f) are SAED patterns corresponding to the sample areas shown in images (a) corresponding to the initial structure and
(c) corresponding to the structure formed after irradiation for approximately 120 s. SAED patterns were taken from a somewhat larger area
centered in the corresponding images, respectively.
FIG. 3. Differential scanning calorimetry traces of the bulk and rib-
bon samples obtained at a heating rate of 0.67 K/s.
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as belonging to the tP4 AgZrss (ss denotes solid solution of
Cu and Al in AgZr phase) phase with the lattice param-
eters a = 0.346  0.002 and c = 0.665  0.003 nm. In
addition, Cu10Zr7 (Pearson symbol oC68) and an unidenti-
fied phase are also formed at higher temperature. How-
ever, there is no clear difference in the crystallization
products from both the ribbon and bulk glassy samples at
the initial crystallization stage when AgZr phase is formed.
The isothermal calorimetry data are shown in Fig. 6.
Both the ribbon and bulk samples show an exothermic
peak containing two shoulders, and crystallization start-
ed after a certain incubation period of approximately
300 s at 745 K (note that the measurement temperature
between the ribbon and bulk samples is different by
1 K). The presence of incubation time suggests a nucle-
ation and growth transformation mechanism. The two
shoulders of the exothermic peak probably indicate two
competitive phase transformations related to the forma-
tion of tP4 AgZrss phase followed by Cu10Zr7 and the
unidentified phase taking place.
Fraction transformed as a function of time plot is
shown in Fig. 7. It can be seen that transformation is
faster in the case of bulk sample at the initial stage,
whereas the total transformation time is nearly equal in
case of both ribbon and rod samples.
The structure and phase composition of the sample at
the initial stage of crystallization were studied by TEM
(Fig. 8) including nanobeam electron diffraction (NBD).
After heat treatment at 744 K for 480 s (see Fig. 6), the
ribbon sample contained nanoparticles of AgZrss embed-
ded in the residual glassy matrix. Some NBD patterns
FIG. 4. X-ray diffraction patterns obtained from the ribbon samples
after heat treatment using (a) DIC and (b)–(d) in furnace, as indicated.
FIG. 6. Differential isothermal calorimetry traces of the bulk and
ribbon samples scanned at temperatures below Tx shown in Fig. 3.
FIG. 5. (a)–(d) represent XRD patterns of the bulk sample after heat
treatment using (a) DIC and (b)–(d) in furnace, as indicated. The
sample after DIC was tested by microarea XRD (aperture diameter
30 mm) due to a limited sample size. All other XRD patterns belong to
the annealed bulk samples.
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from these nanoparticles could be indexed as belonging
to the tP4 AgZrss phase [see Figs. 8(b) and 8(c), for
example].
EDS analysis showed that, in comparison with the
residual glassy matrix, the major precipitating crystalline
phase is enriched in Zr and Ag, which is consistent with
the formation of the tP4 AgZrss phase.
After annealing at 900 K, the products of crystalliza-
tion in both the ribbon and rod samples are AgZrss phase,
Cu10Zr7 and CuZr2, and a small fraction of an unidenti-
fied phase. After initial crystallization reaction, the rela-
tive intensities of the XRD peaks are the same in both of
the samples. AlCu2Zr phase, however, is more readily
formed in a bulk sample at 900 K. The XRD pattern of
the bulk sample at 900 K also represents possible forma-
tion of a texture. However, equilibrium structure has not
been achieved even after annealing for 84.6 ks at such a
high temperature. Only on annealing at 1000 K did the
ribbon and bulk samples attain equilibrium structures
consisting mostly of tI6 CuZr2
ss, cF16 AlCu2Zr, and tI12
AlCu2 phases (Figs. 4 and 5).
We also performed differential thermal analysis (DTA)
on cooling in addition to DSC and obtained the onset
crystallization time at different cooling rates and estimated
the equilibrium liquidus temperature at approximate-
ly 1093.5 K using the least squares linear function fit
[Fig. 9(a)]. It allowed us to construct the continuous cool-
ing (CCT) and continuous heating transformation (CHT)
diagrams for the studied alloy [Fig. 9(b)]. According to the
measured Tg of about 693 K (onset temperature on heat-
ing) and Tl of 1093.5 K, the reduced glass-transition tem-
perature (Trg) is 0.63. This is a high value, which in
cooperation with the large width of the supercooled liquid
explains the high GFA of the studied alloy. The DTA
curve of the studied alloy on cooling at 0.083 K/s and the
resulted differential DTA (DDTA) as a function of under-
cooling (supercooling) are shown in Fig. 10. As one can
see, this solidification reaction is not a single event but
rather consists of two exothermic reactions.
IV. DISCUSSION
As mentioned earlier, the as-solidified structure was
found to be glassy in both the ribbon and bulk samples
(Fig. 1), whereas some nanocrystals [Fig. 2(c)] are seen to
FIG. 7. Fraction transformed as a function of time constructed using
the DIC data of Fig. 6. Incubation time is excluded.
FIG. 8. (a) Bright-field image of the ribbon sample heat treated at
744 K for 480 s. (b) and (c) are NBD patterns indexed according to
the tP4 AgZrss lattice.
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be present due to electron irradiation at long observation
times. Rapid nucleation and growth of a monoclinic phase
are observed to occur under these conditions (Fig. 2).
A similar phase was found to precipitate in the Cu-Zr-Ti
alloy as a result of long-term electron irradiation.44
On heating of the samples, the glassy phase in both
the ribbon and bulk glassy samples exhibited formation
of a supercooled liquid region followed by crystalliza-
tion leading to the formation of crystalline phases. The
composition of the phases in the partially crystallized
samples, after the completion of the first crystallization
stage, was similar in both the samples. However, some
differences were found in the crystallization kinetics of
the bulk and ribbon samples (Fig. 7).
Some minor variations of peak intensities can also be
observed in the XRD patterns of the ribbon and bulk
samples in the heat-treated state (Figs. 4 and 5). The
difference in kinetics is also reflected in the intensity of
the second exothermic peak in the DSC plot (Fig. 3),
which is somewhat slightly stronger in the case of ribbon
sample compared with the bulk sample. This fact and
some differences in the XRD patterns in Figs. 4 and 5
indicate that the second-stage phase transformation may
be slower in the bulk sample.
The difference in the crystallization kinetics between
bulk and ribbon samples, in general, can be connected to
the initial preferential nucleation at the surface45–47 (sur-
face-induced nucleation needs lower activation ener-
gy).48,49 Ribbon samples have much higher surface/
volume ratio compared with bulk samples, and, there-
fore, crystallization at the surface becomes easier. For
example, a 50-mm-long ribbon sample of 20 mm in
thickness and 1 mm in width has a surface/volume ratio
of 102.04 mm1, whereas a bulk sample of the same
volume 1 mm3 has the ratio of 6 mm1.
On the other hand, formation of nanocrystals was ob-
served in the bulk/body of the sample in both the rod-
and ribbon-type samples. In this context, it may be
recalled that time-dependent nucleation rates were noted
during the crystallization of metallic glasses.50
However, the most reasonable explanation may be
connected with a smaller size of under-critical nuclei in
ribbon samples (cooling rate approximately 106 K/s)
compared with those in bulk samples (cooling rate ap-
proximately 102–103 K/s), leading to faster transforma-
tion in bulk sample at the initial stage.
It should be realized that the nature of the supercooled
liquid region in an alloy of a given composition is the
same irrespective of the process by which the glass was
obtained and the cooling rate that was used to form the
glassy phase. Accordingly, it was reported earlier that
the gross crystallization behavior of ribbon-shaped
glassy alloys formed by melt spinning and the bulk sam-
ples formed by copper mold casting was quite similar,51
even though some minor differences were noticed.52 It is
possible, however, that amorphous alloys of the same
composition, prepared by a solid-state reaction, will
have significantly different crystallization behavior.53,54
However, the stored energy between the melt-spun
ribbons and bulk glassy alloys, in the as-synthesized
FIG. 10. DTA curve of the studied alloy on cooling at 0.083 K/s and
the resulted DDTA as a function of undercooling.
FIG. 9. (a) Onset crystallization temperature from the melt on cooling
as a function of cooling rate (DTA). (b) Continuous transformation
diagrams on heating from the glassy state (below) and cooling from
the liquid (above).
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condition, is different. For example, it was reported55
that DH for structural relaxation was 34.8 J/g for the
30-mm thick ribbon, whereas it was only 10.3 J/g for the
9-mm-diameter rod sample in a Zr55Ni25Al20 glassy al-
loy. Similar differences were also observed recently in
Cu-Zr-Ti-Ag alloy.56 This difference in the stored ener-
gy between the ribbon and bulk samples could lead to
differences in the kinetics of decomposition, especially
when annealing is done for partial crystallization at
temperatures close to the glass transition temperature,
Tg. On the other hand, in the case of the studied alloy
with a large supercooled liquid region, such effects on
the crystallization behavior should be negligible at tem-
peratures far above Tg because crystallization takes
place from the supercooled liquid region when the prior
thermal history is no longer important.
The Tg for the present glassy alloy measured at a
heating rate of 0.67 K/s is 693 K, and annealing of the
ribbon samples for partial crystallization was done at
744 K for 480 s (8 min) or 1.5 ks (25 min). On the other
hand, the bulk (10-mm diameter) rod samples were
annealed at 745 K for 0.8 ks (13 min). Because sufficient
time for equilibration was perhaps not provided for the
bulk sample, it is possible that we were observing some
differences in the kinetics of crystallization.
Let us now look at the products of crystallization in
these two cases. On annealing the melt-spun ribbon sam-
ple at 744 K for 480 s (8 min), primary crystallization
led to the formation of the AgZrss phase (tP4, with a =
0.346  0.002 and c = 0.665  0.003 nm); confirmed
by TEM and NBD investigations (Fig. 8). Another uni-
dentified phase was also present. In addition, the
Cu10Zr7 phase (oC68, a = 0.9347 nm, b = 0.9322 nm,
c = 1.2679 nm) had formed at higher temperatures. On
annealing the ribbon sample at a higher temperature of
900 K for 300 s (5 min), crystallization was complete
resulting in the formation of the crystalline phases,
namely, AgZrss and Cu10Zr7.
In the case of the bulk (10-mm-diameter rod) samples
also, microarea XRD pattern shown in Fig. 5 indicates
formation of the AgZrss phase in the initial stage of
crystallization. A similar phase appeared in the case of
ribbon samples also, even though some peaks belonging
to the Cu10Zr7 phase and an unidentified phase were also
present. The Cu10Zr7 phase also formed in the bulk sam-
ple on heat treating at 900 K, although the kinetics of the
process are slower; and a well-defined fraction of the
CuZr2 phase is present after long-term annealing. How-
ever, even at such a high temperature, the structure is not
in equilibrium after annealing for 84.6 ks. Only on
annealing at 1000 K did the ribbon and bulk samples
attain the equilibrium structure, which indicates high
stability of the intermediate phases.
Crystallization behavior of several alloys studied ear-
lier is summarized in Table I and compared with that of
the Cu36Zr48Al8Ag8 alloy. Contrary to the Cu36Zr48
Al8Ag8 alloy, the Cu45Zr45Al5Ag5 alloy formed a mix-
ture of oC68 Cu10Zr7, cF16 Cu2AlZr, and tP4 AgZr
ss
phases directly by a single-stage eutectic-type reaction
upon crystallization on heating.57 It is interesting to note
that Cu36Zr48Al8Ag8 alloy has a higher glass-forming
ability than the Cu45Zr45Al5Ag5 alloy, but shows a three-
stage crystallization in the ribbon and bulk form (see
Figs. 3–6), even though the second and third exothermic
peaks are weak. On cooling, this alloy also exhibits a
double-stage crystallization event (Fig. 10) with two
closely overlapped peaks. Moreover, even the first exo-
thermic peak in the Cu36Zr48Al8Ag8 alloy exhibits two
shoulders, whereas a single-stage transformation was
reported in the Cu45Zr45Al5Ag5 alloy, suggesting that
this is close to the eutectic composition. These observa-
tions clearly suggest that the high GFA and eutectic
composition need not always go together. In fact, there
are many reports in the literature that suggest that GFA
is higher at off-eutectic compositions.3,58 It has also been
noted that the alloy composition lying away from the
eutectic composition, but on the steeper side of the liqui-
dus line, is the best glass-forming composition,59 even
though exceptions to this have also been noted.60 The
nonavailability of the quaternary phase diagram for the
Cu-Zr-Al-Ag system prevents us from proving this point
unambiguously. However, considering that the present
TABLE I. GFA and crystallization behavior of Cu-based alloys.
Alloy Critical diameter, mm No. of crystallization stages n-exp. for ribbons Reaction type Ref.
Cu55Zr45 1.5 1 4 Eutectic 63
Cu50Zr50 2
a 3 2.5b Primary 57
Cu45Zr45Ag10 6 1 4 Eutectic 63
Cu35Zr45Ag20 1.5 2 4 Eutectic 63
Cu45Zr45Al5 2 1 4 Eutectic 57
Cu45Zr45Al5Ag5 9 1 4 Eutectic 57
Cu44Ag15Zr36Ti5 10
a 2 2.5b Primary 56
Cu36Zr48Al8Ag8 25 3 3.2 Primary
aContains nanocrystals.
bRibbon samples are glassy.
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alloy (Cu36Zr48Al8Ag8) contains more Zr than the
Cu45Zr45Al5Ag5 alloy, which is close to the eutectic
composition, and also the fact that the composition is
different from the eutectic composition, it can be argued
that the former alloy will most likely lie on the steeper
side of the liquidus. It is true that the actual slope of the
liquidus line will depend on the type of equilibrium
established between the neighboring phases present, but
it is only a conjecture that the composition Cu36Zr48
Al8Ag8 is perhaps on the steeper side of the eutectic.
This suggestion also gains some credence from the fact
that Zr has a higher melting temperature than Cu, and
therefore the intermetallic phase lying on the Zr-rich
side may also have a higher melting temperature. Thus,
it can be concluded that the Cu45Zr45Al5Ag5 alloy, even
though it is closer to the eutectic composition, has a
lower GFA than that of the Cu36Zr48Al8Ag8 alloy, which
is away from the eutectic composition.
The results shown in Table I clearly indicate that the
best Cu-Zr-based glass-formers are located beyond the
equilibrium eutectic point. It is known that the eutectic
point (both composition and temperature) shifts to a
different position under nonequilibrium cooling condi-
tions. This effect has already been discussed earlier.7,61
Thus, the better GFA of the off-eutectic composition can
also be explained on the basis that the nonequilibrium
eutectic composition is closer to the Cu36Zr48Al8Ag8
value. This is not surprising because glass formation is
a nonequilibrium process that takes place at high cooling
rates ranging from hundreds to thousands of Kelvin per
second in the case of millimeter-sized samples and much
higher rates in the case of ribbon samples.56,62 Further-
more, the magnitude of shift of the eutectic point also
depends on the extent of departure from equilibrium.
Therefore, the position of the eutectic point could be
different in the case of the ribbon and bulk samples,
because the former is solidified at a much higher rate
than the latter.
It was reported earlier that the Cu35Zr45Ag20 alloy
exhibited possible phase separation upon heating within
the supercooled liquid region just before crystalliza-
tion.63 Such a phase separation was also reported to
occur in the Cu43Zr43Al7Ag7
64,65 and Ag20Cu48Zr32
66
glassy alloys on a nanoscale, whereas in the Cu35
Zr45Ag20 alloy it took place on a submicron level.
63 The
report of occurrence of phase separation in some of the
early investigations on bulk metallic glasses was ques-
tioned,67 and it was suggested that the apparent phase
separation68 could be due to artifacts introduced during
sample preparation for TEM observations, or due to
impurity effects, as discussed earlier. However, such a
feature is not clearly observed in either the Cu45Zr45
Al5Ag5 or the Cu36Zr48Al8Ag8 alloy. Formation of qua-
sicrystalline phases, due to the presence of impurities or
presence of Ag, was also not observed in these alloys.
V. CONCLUSIONS
The crystallization behavior and the nature of the
crystalline phases in melt-spun ribbons and 10-mm-
diameter bulk rods of a Cu36Zr48Al8Ag8 alloy were in-
vestigated. The as-solidified structure of the bulk glassy
Cu36Zr48Al8Ag8 alloy sample was found to be disordered,
although some fine crystallites were observed to be present
on long-time observation in the TEM. Thus, this glassy
alloy sample seems to be highly sensitive to electron-beam
irradiation. Although the crystallization sequence and
structure of the phases were found to be similar in both
samples, some differences in the crystallization kinetics
and phase composition after heat treatment were noted.
The crystallization kinetics was studied carefully in both
the ribbon and bulk sample. As expected, the results also
indicate that the best glass-forming compositions are pos-
sibly located at slightly off-eutectic composition, owing to
the shift of the eutectic point due to the nonequilibrium
processing conditions. Parts of CCT and CHT diagrams
were built for the studied alloy.
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